Abstract Vasoactive intestinal peptide (VIP) is a 28-amino acid neuropeptide that belongs to the secretin-glucagon superfamily of peptides and has 68 % homology with PACAP. VIP is abundantly expressed in the central and peripheral nervous system and in the gastrointestinal tract, where it exercises several physiological functions. Previously, it has been reported that VIP regulates feeding behavior centrally in different species of vertebrates such as goldfishes, chicken and rodents. Additional studies are necessary to analyze the role of endogenous VIP on the regulation of appetite/ satiety, feeding behavior, metabolic hormones, body mass composition and energy balance. The aim of the study was to elucidate the physiological pathways by which VIP regulates appetite/satiety, feeding behavior, metabolic hormones, and body mass composition. VIP deficient (VIP −/−) and age-matched wild-type (WT) littermates were weekly monitored from 5 to 22 weeks of age using a whole body composition EchoMRI analyzer. Food intake and feeding behavior were analyzed using the BioDAQ automated monitoring system. Plasma levels of metabolic hormones including active-ghrelin, GLP-1, leptin, PYY, pancreatic polypeptide (PP), adiponectin, and insulin were measured in fasting as well as in postprandial conditions. The genetic lack of VIP led to a significant reduction of body weight and fat mass and to an increase of lean mass as the mice aged. Additionally, VIP−/− mice had a disrupted pattern of circadian feeding behavior resulting in an abolished regular nocturnal/diurnal feeding. These changes were associated with an altered secretion of adiponectin, GLP-1, leptin, PYY and insulin in VIP−/− mice. Our data demonstrates that endogenous VIP is involved in the control of appetite/satiety, feeding behavior, body mass composition and in the secretion of six different key regulatory metabolic hormones. VIP plays a key role in the regulation of body phenotype by significantly enhancing body weight and fat mass accumulation. Therefore, VIP signaling is critical for the modulation of appetite/satiety and body mass phenotype and is a potential target for future treatment of obesity.
Introduction
The gastrointestinal (GI) tract acts as a nutrient sensor in response to luminal stimuli, releasing gastrointestinal neurotransmitters and hormones (Woods 1998; Dockray 2004) which are considered to be the major peripheral regulators of appetite and satiety (Greenwood 2011) . Neuropeptides regulate important gastrointestinal functions such as motility, digestive secretion, nutrient absorption and also they provide feedback to the central nervous system (CNS) to regulate appetite and feeding behavior.
Vasoactive intestinal peptide (VIP) is a highly conserved 28-amino acid neuropeptide widely distributed in the CNS and in the GI tract neurons. VIP binds with equal high affinity to its G protein-coupled receptors VPAC1 and VPAC2 (Said 1970; Vaudry; . Physiologically, VIP plays an important role in a variety of gastrointestinal functions including mucosal ion transport, vasodilatation, gastric acid secretion, hemodynamic regulation, gastric and intestinal motility, sphincter relaxation, neuronal excitability, and mucosal inflammatory immune responses (Bloom 1973; Harmar 2012; Vu 2014) . Initially discovered in the intestine and lung, VIP belongs to the glucagon/secretin family of peptides whose members also include GLP-1 and GLP-2, glucagon, gastric inhibitory peptide (GIP), and growth hormone releasing factor. In animal models, intracerebroventricular (ICV) injections of VIP have been shown to decrease food intake in vertebrates, including chicks and goldfishes, suggesting an anorexigenic role for VIP at the CNS level in the arcuate (ARC) nucleus (Tachibana 2003; Matsuda et al. 2005) . Recently, the development of a genetically engineered VIP-deficient (VIP−/−) mouse model has allowed the characterization of VIP's role in a variety of gastrointestinal functions (Cowell 2003; Lelievre 2007) . To further understand the physiological role of VIP on the regulation of appetite/satiety and body composition, we have utilized the same C57BL/6 murine model lacking VIP gene expression. The fact that VIP is abundant in the stomach, small intestine and large intestine, all important areas for digestion and nutrient absorption, as well as in the hypothalamic ARC area (Inoue 1984; Lam 1991) , led us to investigate the potential role of VIP in the regulation of energy balance and body composition.
Our data show that VIP−/− mice present a significantly reduced body weight and an altered body composition with decreased fat mass and increased lean mass. VIP−/− mice present a disrupted feeding behavior pattern together with significant alterations in plasmatic anorexigenic and orexigenic hormone levels in both fasting as well as in postprandial conditions.
Methods Animals
Male VIP neuropeptide deficient mice (VIP−/−) (5-21 weeks of age, backcrossed >12 generations to C57BL/6 J mice) were developed and genotyped as previously described (Cowell 2003) . Age-matched wild-type (WT) littermates from the same colony were housed and fed ad libitum in a specific pathogen-free, sterile animal facility, under conditions of controlled illumination (12:12-h light-dark cycle; lights from 06:00 to 18:00 hours) at the United States Department of Veteran Affairs Greater Los Angeles Healthcare System animal facility, according to the recommendations for animal use and welfare dictated by the Veterans Administration Institutional Animal Care and Use Committee.
Body Weight Composition Analysis
After weaning, at 3-4 weeks of age, VIP−/− (n=8) and WT mice (n=8) were group-housed four in each cage and received free access to water and standard rodent diet (Prolab RMH 2500; LabDiet, St. Louis, MO). Mice weight and body composition were recorded at 5.5-week intervals starting at 5 weeks of age until 22 weeks of age. Body composition was assessed by nuclear magnetic resonance using an EchoMRI whole body composition analyzer (EchoMedical Systems, Houston, TX). Body fat and lean mass changes were calculated in terms of percentage of change from the first baseline measurement at 5.5 weeks of age.
Determination of Feeding Behavior
To study feeding behavior, the BioDAQ (Research Diets, Inc., New Brunswick, NJ) episodic food intake monitor system was used as previously described (Stengel 2010) . First, VIP−/− (n=12) and WT (n=16) mice were habituated for 7 days to single housing and feeding using a purified standard rodent diet (D12450B, Research Diets, Inc.) in the BioDAQ cages. Food and water were provided ad libitum, and food was replaced daily as the cages were examined for animal maintenance. After habituation, mouse food intake and body weight were measured. The BioDAQ monitoring of feeding behavior was recorded, and the data collected for two consecutive days were averaged. The BioDAQ system allows for a continuous monitoring of meal patterns in undisturbed mice by using a low-spill food hopper placed on an electronic balance that is attached to the cage. Total food intake (grams) was recorded at each 2-hour interval period. Feeding intake data were measured for a 24-h period and then separated into either dark phase (18:00-06:00 hours) or light phase (06:00-18:00 hours). Bouts are defined as individual feeding events and are recorded by changes in stable weight, considering the start time, duration, and amount of food consumed. Feeding bouts separated by more than a 5-min interval are considered as a meal. Meal parameters are defined as consisting of a bout interval of at least 5 s, duration of 5 min, and minimum of 0.02 g consumed food. Analysis of meal parameters, calculated by the software provided by the manufacturer (BioDAQ Monitoring Software 2.2.02), consisted of number of meals (meal frequency), meal size (milligram), meal duration (minute), and inter-meal interval. Eating rate is defined as the meal size (milligram) over the duration of the analyzed period (12 h), and the satiety ratio is defined as the average of the inter-meal interval divided by the average meal size.
Metabolic Hormone Measurements
At the end of the EchoMRI experiments, blood plasma was obtained from VIP−/− (n=7) and WT (n=8) mice after overnight fasting (18:00-06:00 hours) and in postprandial conditions consisting in overnight fasting followed by refeeding period, blood being collected 1 h after feeding. The collected plasma were then added with a cocktail of protease inhibitors containing DPPIV (Millipore; Billerica, MA), Roche Complete Protease Inhibitor Cocktail (Roche), Aprotinin (Fisher Scientific), and Roche Pefabloc SC (AEBSF) (Roche) and stored frozen at −80C until assayed. Plasma levels of active ghrelin, glucagon-like peptide-1 (GLP-1), peptide YY (PYY), insulin, glucagon, and leptin were analyzed in duplicate using the Milliplex MAP Mouse Metabolic Hormone Magnetic Bead Panel (Millipore, Billerica, MA). Adiponectin was measured in duplicate by EIA (Millipore).
Data Analysis
First, a mixed effects regression model was conducted to compare each of the following feeding parameters (number of bouts, bout minutes, number of meals, meal minutes, food consumed during meals, inter-meal interval, satiety ratio, and eating rate) between mouse types. Factors included were period (light vs. dark), type of mouse (WT vs. VIP−/−), and a two-way interaction (period-by-mouse type). Each model also included a subject-level random effect to account for repeated observations within mice. An ANOVA model with the following factors: type of mouse (WT vs. VIP −/−), age group (5, 10.5, 16, and 21.5 weeks), and a two-way interaction (age by mouse type) was used to compare each of the body weight and composition parameters between two types of mice.
Second, two types of food intake questions were of interest: (1) whether the patterns of food consumption differed between WT and VIP−/− mice during the light and dark phases and (2) whether there were differences in cumulative food intake between mouse types at the end of dark and light phases. To study these questions simultaneously, we used a single-model approach, i.e., piecewise mixed effects model with mouse-level random effects, to estimate the rate of food consumption and the cumulative food consumed for each mouse type during each of the two phases.
Third, metabolic hormone parameters were analyzed using two-way ANOVA models with mouse type, condition (fasting vs. postprandial), and a two-way interaction term between mouse type and condition.
All analyses were conducted using SAS 9.4 software (Cary, NC, SAS Institute). The figures were generated using GraphPad Prism 6 Software (La Jolla, CA).
Results
Decreased Body Weight, Fat Mass Composition and Increased Lean Mass Composition in VIP−/− Mice VIP−/− mice (n = 8) fed a standard diet ad libitum for 21.5 weeks showed a significantly lower body weight, lower gain of fat mass and a reduced loss of lean mass throughout the study period compared to WT mice fed with the same diet (n=8) (Fig. 1) . VIP−/− mice had a consistently lower body weight average compared to WT mice throughout the 21.5 weeks of the study, beginning at 5 weeks of age (20.7± 0.39 vs. 25.9±0.61 g, p=0.0003) and at each 5.5-week interval measurement: at 10.5 weeks of age (28.7±0.64 vs. 34.0± 1.17 g, p=0.0002), at 16 weeks of age (30.9±0.68 vs. 35.6± 1.83 g, p=0.002), and finally at 21.5 weeks of age (32.2±0.76 vs. 39.3±1.98 g, p<0.0001), as shown in Fig. 1a .
Body fat and lean masses were analyzed as percentage of change from the first measurement obtained at 5.5 weeks of age, starting at 10.5 weeks of age and then at each 5.5-week interval as shown Fig. 1b , c. VIP−/− mice consistently demonstrated a lower tendency to accumulate body fat mass, compared to WT mice: at 10.5 weeks of age (−16.2±7.55 vs. 50.3 ±21.7, p=0.032), at 16 weeks of age (1.72±16.0 vs. 104.2± 24.2, p=0.002), and finally at 21.5 weeks of age (36.3±17.7 vs. 159.4±38.2, p=0.0006) (Fig. 1b) . Conversely, VIP−/− mice as they aged showed a significant tendency to maintain their body lean mass compared to WT mice, as assessed at 10.5 weeks of age (1.32±4.36 vs. −7.07±1.36, p=0.051), at 16 weeks of age (−2.12±2.76 vs. −12.6±1.52, p=0.017), and finally at 21.5 weeks of age (−2.90±2.93 vs. −16.0±3.30, p=0.006) (Fig. 1c) . At the end of the study, after the mice were euthanized, the collected epididymal fat depots had a significantly lower weight in VIP−/− mice compared to WT mice (1.23±0.10 vs. 0.87±0.13, p=0.044) (Fig. 1d ).
VIP Plays a Crucial Role in Regulating Feeding Behavior, Appetite and Satiety
Food consumption data of VIP−/− and WT mice were calculated in terms of 24 h average values over 2 days of uninterrupted recording. The detailed time course of the cumulative food intake is illustrated in Fig. 2 . Results from the piecewise mixed effects model indicated a disrupted feeding pattern observed in VIP−/− mice compared to WT mice, meaning that for WT mice, food consumption rates were higher during the dark phase (0.44± 0.01 g per 2 h; Table 1), whereas for VIP −/− mice, the rates of food consumption were similar during both dark and light phases (0.21±0.01 g per 2 h; Table 1 ). Compared to their WT littermates, the VIP−/− mice ate less food during the dark phase (2.66±0.06 vs. 1.24±0.05, p<0.0001, Detailed feeding behavior parameters were analyzed at 12-h intervals, during the dark as well as the light phase, and summarized in Table 2 . During the dark phase, VIP−/− reached the food hopper less frequently than WT mice, thus resulting in a significantly lower number of bouts (57.4±6.1 vs. 86.0±4.3, p=0.0001) and bout minutes (187±31 vs. 274± 27 min, p=0.011). VIP−/− mice had significantly decreased meal size (1557±160 vs. 2675±134 mg, p<0.0001), lower meal frequency (6.11 ± 0.69 vs. 10.3 ± 0.99 meals, p=0.0007), lower meal duration (247±36 vs. 373±31 min, p = 0.002), and lower eating rate (2.16 ± 0.22 vs. 3.72 ± 0.19 mg/min, p<0.0001). The inter-meal interval average was also significantly higher during the dark phase in VIP−/− compared to WT mice (113±15.5 vs. 68.9±9.6 min, p=0.035). Despite the significant difference in inter-meal intervals observed between the two types of mice, the difference in satiety ratio did not reach significance (414±49 vs. 232± 30 min/mg food eaten). During the light phase, VIP−/− mice showed, as compared to WT, a significantly higher food intake Fig. 1 Vasoactive intestinal peptide-deficient mice (VIP−/−) showed a lower body weight and fat mass and an increased lean mass. a VIP−/− mice had a consistently lower body weight average compared to WT mice throughout the 21.5 weeks of the study. b VIP−/− mice consistently demonstrated a lower tendency to accumulate body fat mass compared to WT mice beginning at 10.5 weeks of age through the end of the study at 21.5 weeks of age. c VIP−/− mice showed a significant tendency as they aged to maintain their body lean mass compared to WT mice, as assessed at 10.5 weeks of age through the end of the study at 21.5 weeks of age. d VIP−/− mice had a significantly lower epididymal fat depot weight compared to WT mice and reached the food hopper significantly greater numbers of times resulting in higher number of bouts (37.1±2.4 vs. 17.7± 3.4, p=0.005) and longer bout minutes (113±8 vs. 37±8, p=0.023). VIP−/− showed significantly increased meal size (1397±87 vs. 336±53 mg, p<0.0001), higher meal frequency (6.5±0.5 vs. 2.9±0.3 meals, p=0.003), longer time spent in meals (133±7 vs. 41±10 min, p=0.019), as well as a higher eating rate (1.94±0.12 vs. 0.47±0.07 mg/min, p<0.0001). The inter-meal interval average was significantly lower in VIP−/− compared to WT mice (67 ± 4 vs. 121 ±17 min, p=0.014), corresponding to a significantly lower satiety ratio (319±16 vs. 1308±197 min/mg food eaten, p<0.0001).
VIP Regulates Orexigenic and Anorexigenic Metabolic Plasma Hormone Levels
In order to better evaluate the mechanisms by which VIP regulates feeding behavior, we measured the plasma levels of activeghrelin, GLP-1, PYY, insulin, glucagon, leptin, and adiponectin in both VIP−/− and WT mice during fasting as well as postprandial conditions. Compared to WT mice, VIP−/− mice had lower mean levels of orexigenic active ghrelin during fasting condition (241±68 pg/mL vs. 448±60 for VIP and WT −/−, respectively) but higher levels during postprandial conditions (Fig. 3a) . None of these differences reached statistical significant Fig. 3b ). PYY was also significantly increased in VIP−/− mice during both fasting (271±28 vs. 75±28 pg/mL, p=0.0005) and postprandial conditions (268±50 vs. 115±27 pg/mL, p=0.004; Fig. 3c ). Strikingly, there was a significant upregulation of plasma leptin levels during fasting conditions in VIP−/− compared to WT mice (4734± 1191 vs. 1357±443 pg/mL, p=0.004 based on log scale), but no significant difference during postprandial conditions was observed (6311±1496 vs. 8089±1239 pg/mL) (Fig. 3d) . Insulin regulation was similar in both VIP−/− and WT mice during both fasting (328±64 vs. 387±84 pg/mL, p=0.97) and postprandial conditions (4708±1531 vs. 3307±871 pg/mL, p=0.28) as seen in Fig. 3e . Glucagon levels were significantly increased in VIP−/− mice during postprandial (163±47 vs. 52±22 pg/mL, p=0.006) but not in fasting conditions (45.6±12.1 vs. 20.1± 4.4 pg/mL) (Fig. 3f) . Finally, plasma adiponectin levels, measured during fasting conditions, were significantly lower in VIP−/− compared to WT mice (9.7±0.4 vs. 11.6±0.03 ng/mL, p=0.007; Fig. 3g ), whereas no significant differences were found in postprandial conditions in the different groups of mice.
Discussion
Neuropeptides are released centrally in the hypothalamus and peripherally in the GI tract where they are known to be important regulators of digestive and immune functions.
Recently, several neuromediators have been suggested to play an important role in the regulation of appetite/satiety, feeding behavior, and also in energy balance and metabolism (Wang 2007; Greenwood 2011; Vu 2011) . The ARC neurons, containing neurotransmitter peptides associated with appetite signals (Woods 1998) , communicate with each other and with higher brain centers through released PACAP, neuropeptide Y, agouti-related peptide neurons, and melanocortin-releasing neurons (Delgado 1996; Barsh 2000) . VIP neuropeptide is abundantly localized in the CNS as well as in the GI tract where it plays a key role in the regulation of many physiological functions such as mucosal ion transport, vasodilatation, hemodynamic regulation, gastric acid secretion, gastrointestinal motility, sphincter relaxation, neuronal excitability, and mucosal inflammatory immune responses (Harmar 2012) . In this study, we have characterized the overall physiologic role of endogenous VIP on the regulation of appetite and body phenotype by analyzing feeding behavior, body weight, body mass composition, and metabolic hormone secretion, utilizing a C57BL/6 mice mouse model lacking VIP gene expression (Cowell 2003) .
Prior studies investigating the role of VIP on growth and development showed in VIP −/− mice or in WT mice treated with a VIP antagonist (Gressens 1994 ), a reduced body weight, and a delayed development, but the mechanism of this different body phenotype has not fully elucidated (Gozes 1988; Girard 2006; Lim 2008) . Therefore, in the current study, we have utilized body NMR analysis to better evaluate the effects of VIP on body composition through accurate and sequential measurements of total body fat and lean Fig. 3 VIP regulates orexigenic and anorexigenic metabolic plasma hormone levels. a VIP−/− mice had lower levels of orexigenic active ghrelin during fasting condition but higher levels during postprandial conditions. None of these data reached statistical significant value. b GLP-1 levels were significantly increased in VIP−/− mice during fasting as well as postprandial conditions. c PYY was significantly increased in VIP−/− mice during both fasting and postprandial conditions. d Plasma leptin levels were significantly upregulated in VIP −/− during fasting as compared to WT mice, but no significant difference was recorded during postprandial conditions. e Insulin levels were similar in both VIP−/− and WT mice during both fasting and postprandial conditions. f Glucagon levels were significantly increased in VIP−/− mice only during postprandial conditions. g Plasma adiponectin levels, measured during fasting conditions, were significantly lower in VIP−/− as compared to WT mice masses in VIP−/− mice throughout the 22 weeks of our study as compared to WT controls. VIP−/− mice revealed a significantly reduced body fat mass and a preserved lean body mass as they aged compared to their WT littermates. At the end of the 22-week study, the VIP−/− mice showed a significantly leaner body profile. Additionally, the epididymal fat depots removed at the end of the study were significantly lower in VIP−/− compared to WT mice, providing further evidence of a deficit in fat mass accumulation. In previous studies, ICV administration of VIP-induced food intake decrease in several vertebrate species (Tachibana 2003; Matsuda 2005) . Our study on the other hand, demonstrates that VIP−/− mice have lower body weight, an altered body composition together with an altered feeding behavior showing an increased food intake during the 12-h light phase and a decreased food intake during the 12-h dark phase. Overall, our results support the hypothesis that the 15 % decrease in food intake at the end of the 24-h study period observed in VIP−/− mice, as compared to wild-type littermates, can be explained by their reduced body size, slower growth rate and consequent lower metabolic needs. Recently, studies utilizing genome wide association analysis have strongly correlated VIP pathway genes to the development of fat mass accumulation and obesity (Liu 2010) . Analysis of these 500,000 SNPs from 1000 citizens in the USA demonstrated that the VIP pathway is significantly associated with higher body fat mass accumulation (Liu 2010) . Therefore, our current findings support the hypothesis that VIP plays a major role in modulating body fat and lean mass composition changes that occur throughout lifetime and suggest that the inhibition of VIP hormone can lead to lower body fat accumulation and higher lean mass maintenance.
VIP is a key molecule in mediating the synchronization of rhythms in clock gene expression (Cowell 2003) , and more recently accumulating evidence has revealed that core clock genes are important regulators of metabolism (Reppert 2002) . Several studies have demonstrated that circadian clocks are linked to obesity and body metabolism since they influence the physiologic functions of the endocrine, gastrointestinal, renal, hepatic systems, and body temperature (Bass 2010) . Currently, studies in rodents and humans have suggested that the timing of food intake and energy balance plays an important role in the maintenance of a healthy metabolism and body phenotype (Green et al. 2008 ), but the published data are still very controversial. For example, Clock and Per2 mutant mice have similar disruptions in circadian behavior and feeding rhythms and eat during the night as well as the day period and have a tendency to develop an obese phenotype when fed with a high-fat diet (Turek 2005; Yang 2009 ) in such a way showing an opposite phenotype compared to our VIP−/− mice. However, Clock and Per2 mutant mice when fed a regular diet failed to show a significant increase in body weight or fat mass as the VIP−/− in our current study. The higher lean body mass that we have observed in our VIP−/− mice parallels the gain of lean mass reported in Clock mutant mice fed with a regular diet (Turek et al. 2005) . Conversely, mice lacking the circadian deadenylase gene Nocturin were observed to be resistant to diet-induced obesity, showing no reduction in food intake or activity, similarly to our studied VIP−/− mice (Green 2007) . In these models, the circadian system likely controls the expression of genes involved in the regulation of metabolic processes. Gene expression data from Nocturin-deficient mice showed defects in lipids absorption and metabolism as suggested by the expression of the Pparγ gene, a principal regulator of adipogenesis in adipocytes and Srebp-1c, a transcription factor of several lipogenic genes. Similarly, Bmal1, a transcription factor known to regulate circadian rhythm, was shown to modulate adipogenesis and lipid metabolism in mature adipocytes (Shimba 2005) . Therefore, VIP, as a key circadian mediator, could also similarly regulate adipogenesis and lipid metabolism, thus explaining the reduced adiposity observed in our VIP−/− mice.
VIP binds with high affinity to its VPAC1 and VPAC2 receptors (Harmar 2012 ), which in turn would activate the signaling cascade leading to the metabolic changes responsible for the altered adipose tissue accumulation. In VIP−/− mice, there is no compensation by PACAP as determined using radioimmunoassay and RT-PCR (Girard 2006) . Through both VPAC1 and VPAC2, VIP is an important signaling mediator in adipocytes. Previously published in vitro data demonstrated that VPAC1 and VPAC2 are expressed on the murine preadipocyte NIH3T3-L1 cell line as well as on human and rat adipocytes (Alexander et al. 1995; Wei 1996; Akesson et al. 2005 ). On fat cell membranes, VIP was found to be a potent stimulator of adenylate cyclase (Bataille et al. 1974) , and through VPAC2 receptors it was shown to mediate lipolysis in primary rat adipocytes (Richter et al. 1989; Akesson et al. 2005) . VPAC2 knockout male mice have been reported to have a leaner physical phenotype starting at 8 weeks of age with reduced body weight, length, and body fat in relationship to their body weight as they aged, as compared to their WT littermates (Asnicar et al. 2002) . These body phenotypic characteristics reported in VPAC2−/− mice are similar to those that we have described in our VIP−/− mice in the current study. Previously published feeding behavior data in VPAC2−/− mice showed a significantly reduced amount of daily food intake (Sheward et al. 2007; Bechtold et al. 2008) , whereas in our VIP−/− mice we have found that the amounts of food intake were similar to their WT littermates. However, in the same published studies (Sheward et al. 2007; Bechtold et al. 2008) , both VIP−/− and VPAC2−/− mice demonstrated an altered physiology with 3-4 h advancement in their metabolic and feeding rhythms. Sheward et al. (Sheward et al. 2007) showed in VPAC2−/− mice liver, peripheral clock genes expression at feeding time even in absence of a functional SCN clock. This was confirmed in fasted rats by the administration of the VIP antagonist, [Lsy1, Pro2,5, Arg3,4,Tyr6]-VIP, which inhibited food intake-induced increase of plasmatic ACTH and corticosterone (Alexander et al. 1995) . Conversely, VPAC1 receptors were not found to mediate lipolysis or significantly affect adipogenesis in vitro (Akesson et al. 2005; Sheward et al. 2007 ), but VPAC1 homozygous mutant knockout mice presented developmental delay and reduced body growth and weight, similar to our VIP−/− mice (Fabricius et al. 2011 ). However, a comprehensive study on body composition including lean and fat mass analysis has never been performed in VPAC1 knockout mice. In summary, even though both VPAC1 and VPAC2 receptors have been suggested to play an important role in promoting normal body weight gain and metabolism, the evidence accumulated through previously published data suggests that VIP could play a regulatory role in appetite, food intake, and metabolism mainly through VPAC2 receptors.
GI hormones act within key areas of the hypothalamic ARC to regulate food intake and obesity (Williams 2011) . They are categorized as either anorexigenic hormones, which increase satiety and suppress appetite or orexigenic hormones that suppress satiety and increase appetite. Anorexigenic hormones include the gastrointestinal released GLP-1, PYY, cholesystokinin, PP (pancreatic polypeptide) (Dockray 2004) , the adipocytes-released leptin, and the pancreatic β cells-derived insulin. Orexigenic hormones include activeghrelin, secreted by human gastric fundus P/D1 cells and pancreatic epsilon cells (Date et al. 2000) . These combined hormones bind to their receptors in the GI tract and in the hypothalamus to control appetite, feeding, satiety, energy homeostasis, and body mass composition. In the current study, we demonstrate that VIP is secreted in response to nutrient sensors and is essential in the regulation of anorexigenic and orexigenic hormones.
Previously, other authors demonstrated that plasma VIP concentrations increase following either a carbohydrate meal or water loading (Pedersen-Bjergaard et al. 1996) , signaling a possible role for VIP in modulating appetite and food intake. Our data show that in VIP−/− mice, plasma levels of GLP-1, PYY, glucagon, adiponectin, and leptin were altered in both fasting and postprandial conditions, suggesting that VIP is a key regulator of metabolic hormones. The anorexigenic GLP-1 and PYY hormones were significantly higher in both fasting and postprandial conditions. GLP-1, a member of a subfamily that includes secretin, gastric inhibitory peptide (GIP), and VIP, is produced by intestinal L cells following food ingestion to stimulate glucose-dependent insulin secretion, β cell growth and survival, as well as to inhibit glucagon release, gastric emptying, and food intake (Marathe et al. 2013) . For these hormonal effects, the GLP-1 system has been targeted (Garber 2011 ) by using GLP-1 receptor agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors of GLP-1 degradation in order to establish new therapeutic approaches for treating type 2 diabetes and to promote satiety and body weight loss. Similarly, PYY, secreted by the intestinal L cells in the gastrointestinal mucosa, is thought to be a satiety signal that reduces food intake (McGowan 2004) . VIP has been already described to stimulate PYY release in another animal model using isolated perfused rabbit distal colons (Ballantyne et al. 1993) , and concurrently in our VIP−/− mice the levels of PYY were significantly more elevated than in WT. However, in our study, the PYYplasmatic levels were unchanged in both fasting and postprandial conditions in VIP−/− mice, thus showing a very important role for VIP in modulating PYY secretion. Also, Martin et al. (Martin et al. 2010 ) have found GLP-1 and PYY plasma levels were altered in absence of VIP. Therefore, the higher levels of PYY in combination with GLP-1 and active-ghrelin could participate in the mechanisms involved in the altered appetite and phenotype observed in our VIP−/− mice. VIP receptors have been found to be highly expressed in the GI tract mucosa (Zimmerman et al. 1989 ). Other authors have reported that VIP can be released from the gastric fundus in rats (Boeckxstaens et al. 1992; D'Amato et al. 1992 ) and thereby can possibly regulate metabolic hormones secretion in the intestinal tract upon feeding. However, further studies are needed to fully identify the VIP receptors and pathways that are involved in GLP-1, PYY, glucagon, adiponectin, and leptin release in the GI tract.
Additionally, in our study adipokines and glucagon levels were found significantly altered in VIP−/− mice in comparison to WT. The adipose tissue functions as an important endocrine organ to control energy homeostasis and metabolism through the secretion of adipokines, such as leptin and adiponectin (Yamauchi et al. 2001) . VIP−/− mice had considerably higher plasma leptin compared to WT, despite their lean profile and lower body fat content. Leptin is secreted mainly by adipocytes but also by chief cells and P/D1 cells in the gastric mucosa to regulate food intake, appetite/satiety, and energy expenditure (Bado et al. 1998; Friedman 1998) . Generally, the level of leptin in the peripheral blood is proportional to the adipose mass, as leptin plays a major physiologic function by informing the CNS about the amount of stored energy in order to restrain appetite and promote energy expenditure (Maffei et al. 1995; Considine et al. 1996) . Therefore, our observed VIP−/− body lean phenotype and reduced fat mass content could be explained by the higher plasma leptin levels that would increase satiety and consumption of fat mass. The higher leptin levels found in VIP−/− mice in this study are similar to those observed by Martin et al. (Martin 2010 ) but opposite to the levels observed in VPAC2−/− mice (Asnicar 2002) . Interestingly in VPAC2−/−, plasma leptin values were significantly lower compared to WT mice, despite the VPAC2−/− mice presented leaner phenotype and reduced body fat (Asnicar 2002 ). Previously, PACAP was shown to mediate the anorexigenic effects of leptin centrally, not via VPAC1 or VPAC2 receptors but only upon specific PAC1 receptor activation, as confirmed by the PAC1 specific antagonist PACAP 6-38 . Therefore, PACAP does not appear to directly mediate the effects of leptin through VPAC1 receptor but through its high affinity PAC1 receptor (Hawke et al. 2009 ). Therefore, VIP acting on VPAC1 could be an important regulator of leptin secretion, even though the involved receptor pathways need to be identified. Furthermore, adiponectin was found to be significantly higher in VIP−/− mice, in which most likely it could contribute to lipid and glucose metabolism alterations (Berg et al. 2002) . Low adiponectin levels were demonstrated to be implicated in the development of insulin resistance in diet-induced models of obesity (Yamauchi et al. 2001) . Our VIP−/− mice had no significant change in insulin levels, contrarily to those reported by Martin et al. (Martin et al. 2010 ), but they had significantly higher basal and postprandial levels of glucagon. However, previously VIP was shown to stimulate insulin secretion in a dose-dependent manner (Ahrén 1981; Straub 1996) . Similarly, VIP was found to stimulate glucagon secretion in a dose-dependent manner in both normal and diabetic rats (Adeghate 2000) . In glucose homeostasis, Martin et al. (Martin 2010) had shown that VIP−/− mice have significantly higher plasma glucose in both fasting and postprandial conditions. Therefore, the VIP pathway could become in the future a target for the management of insulin and glycogen dysregulation.
In conclusion, this study is to evaluate the effects of VIP genetic deficiency in the regulation of body phenotype in mice from 5 to 22 weeks; we report a significant reduction in body weight and fat mass accumulation. This altered body phenotype was associated with a significant upregulation of leptin and a decrease in adiponectin plasma levels. Furthermore, VIP−/− mice showed a significantly altered feeding behavior structure. Finally, our data suggest that VIP acts as a nutrient sensor as levels of orexigenic and anorexigenic hormones were significantly altered in both fasting and postprandial conditions. Our current findings provide a new and more comprehensive picture of the overall VIP interplay between the circadian clock and the regulation of body composition, feeding behavior, and metabolic hormones release. The regulation of appetite, food intake, and metabolism is of major social importance given the worldwide increased prevalence of metabolic syndrome, overeating, and obesity disorders, which are some of the major causes of morbidity and mortality in human patients. Our report concludes that VIP plays a crucial role in regulating body weight, fat and lean mass composition, and some metabolic hormone secretion. However, future basic science studies are needed to elucidate the receptors and metabolic pathways by which VIP regulates lean body mass and adipocyte proliferation. In particular, an analysis of the genes involved in adipogenesis and lipid metabolism is necessary to fully highlight the mechanisms underlying the enhanced lean mass phenotype observed in VIP−/− mice. Additionally, pharmacological studies using VIP receptors antagonists should be developed to confirm and analyze in details the VIP pathways involved in adipocyte metabolism and feeding behavior. Our results highlight a novel key role for VIP in modulating appetite/satiety and feeding behavior and the release of the anorexigenic GLP-1, leptin, PYY, and insulin metabolic hormones, which ultimately can control energy homeostasis, body weight, and mass composition. Finally, our data supports a key role for VIP in the control not only of appetite and feeding behavior but also in the agedependent change of body phenotype that includes body fat mass gain and lean mass loss, therefore suggesting that the VIP pathway may be an important target in the treatment of overeating and obesity disorders for the development of future clinical therapeutic protocols.
